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Relationship Between Partial Enthalpy of Mixing and Partial Excess 
Entropy of Solute Elements in Infinitely Dilute Solutions of 
Liquid Binary Alloys 
Toshihiro Tanaka*, NevA. Gokcen**, and Zen-ichiro Morita* 
(*Department of Materials Science and Processing, Osaka University, Osaka, Japan, and **Albany Research Center, Bureau of Mines, Albany, Oregon, U.S.A.) 
The relationship between partial enthalpy of mixing and partial excess entropy of solute elements in infinitely dilute solu-tions of liquid binary alloys is obtained on the basis of the free volume theory. The calculated results for partial excess Gibbs energy of solute elements from the derived equations with the partial enthalpy of mixing obtained by Miedema's 
semi-empirical method are found to be in good agreement with the experimental values. Further, the derived equations 
show that the relationship between partial enthalpy of mixing and partial excess entropy depends on the melting points 
of the constituents of the alloys. 
Beziehung zwischen partieller Mischungsenthalpie und partieller Exzessentropie des Gelosten bei 
unendlicher Verdi.innung in binaren Legierungsschmelzen 
Anhand der Theorie des ,freien Volumens" wurde eine Beziehung zwischen der partiellen Mischungsenthalpie und der partiellen Exzessentropie des Gelosten in Legierungsschmelzen bei unendlicher VerdUnnung aufgestellt. Die berech-
neten partiellen Exzessentropien, die mit dieser Beziehung aus den partiellen Mischungsenthalpien berechnet werden, 
stimmen gut mit Experimentalwerten Uberein. Die Mischungsenthalpie wurde dabei nach dem halbempirischen Modell 
von Miedema abgeschatzt. Die abgeleiteten Gleichungen zeigen, daB das Verhi:iltnis der partiellen Mischungsenthalpie 
zur partiellen Exzessentropie von den Schmelzpunkten der Elemente abhangt. 
1 Introduction 
A number of investigations on the relationship between 
partial enthalpy of mixing AHx and partial excess entropy 
A.s;x of solute elements in infinitely dilute solutions of 
liquid binary alloys have been reportedl) to B). 
In our previous work9), we proposed a thermodynamic 
model for the evaluation of excess entropy from enthalpy 
of mixing in liquid binary alloys. This model gives good 
agreement of calculated values of excess entropy and 
excess Gibbs energy with the experimental data. It was 
shown from this model that the relationship between the 
excess entropy and the enthalpy of mixing in equimolar 
alloys depends on temperature. 
The purpose of this work is to discuss the relationship 
between AHx and A.s;x in infinitely dilute solutions of liquid 
binary alloys on the basis of the solution model derived in 
our previous work9). 
2 Solution Model for Evaluation of Excess Entropy in 
Liquid Binary Alloys 
Since the derivation of the solution model has already 
been described in detail in our previous work9), only a sum-
mary of the model will now be presented. In this model, the 
equations for the enthalpy of mixing and excess entropy 
have been derived on the basic of free volume theory, by 
considering configuration and vibration of atoms in alloys. 
Assuming that an atom vibrates harmonically in its cell sur-
rounded by its nearest-neighbours, Gibbs energy of mixing 
AGM 1x was expressed by the following equation9)10): 
AGMIX = NAsilAsZ- kT In g 
- kT · 3/2 · [NA In (- n RA kTIUA) 
+ N8 In (- n R8 kTIU8 ) 
- {NA In (- n RAA kT/UAA) 
+ N8 In(- n Rss kT/Uss)}] (1) 
where NAs is the number of A-B pairs, !JAs the exchange 
energy, Z the coordination number, k the Boltzmann con-
stant, Tthe temperature inK, g a degeneracy factor; NA, N8 
are the number of A and B atoms, RAA• R88 the distances 
which interatomic potentials extend in cells of pure liquid A 
and B respectively, as shown in Fig. 1, UAA, U88 the depths 
of potential energy in cells of pure liquid A and B respec-
tively, as shown in Fig. 1, RA, R8 the distances which inter-
atomic potentials of A and B atoms extend in cells of A-B 
binary alloys, and U A• U8 the depths of potential energy of A 
and B atoms in a cell of A-B binary alloy. 
The enthalpy and entropy terms in Eq. (1) will now be dis-
cussed separately below. 
2.1 Enthalpy Term 
According to the first approximation to the regular solu-
tions11) proposed by one of the authors, the enthalpy of 
mixing for small values of !JAs is given by 
(2) 
0 
Distance from Cell Center 
Fig. 1. Interatomic potential in a cell. 
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NAB = Z · NoXAXe (1 XAXe.QAe/kD (3) 
where N0 is Avogadro's number, XA, X8 are the fraction of A 
and B atoms. 
When the concentration of B is infinitely small in liquid A-B 
binary alloys, the partial enthalpy of mixing of solute B is 
given by 
2.2 Entropy Term 
From Eq. (1), the entropy term is 
AS = - k In g + AS~i's 
= AS~6~1F + L1.S~~NF + AS~i's 
(4) 
(5) 
The first, second and third terms on the right-hand side of 
the above equation indicate the entropy of ideal mixing, 
the excess configurational entropy and the excess vibra-
tional entropy, respectively. According to the first approxi-
mation of regular solutions, LJ.S~~NF in Eq. (5) is 
(6) 
tions can be neglected. Therefore, the partial excess 
entropy consists of the contribution from the vibration of 
atoms and then it can be derived by differentiation and 
rearrangement; the result is 
AS~x = AS~(e e 
' 2 
= 3/2 · kN0 [(RAA-Ree) /RAARee 
+ {4UAAUee- 2.QAB (UAA+Uee) 
- (UAA+Uee) 2}/2UAAUeeJ (8) 
where the following relationships were assumed. 
0 
0 
0 0 0 0 -10 
0 0 
0 0 0 
.. 
0 0 0 
E 0 
0 -20.,· :.::: 
0 -; 
when the value of .QAB is comparatively small11). o '-~ 0 
AS~i's can be derived from Eq. (3); the result is 
AS~(e = 3/2 · kNo {2XA In (RA/RAA) + 2X8 In (Re/Ree) 
+ XA In (UAA/UA) + X8 In (Uee/U8)} (7) 
As can be seen in Eq. (6), the contribution from the config-
uration of atoms to excess entropy in infinitely dilute solu-
50 ?/ 
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-100 -50 'Hih~o 
0 ~ 
/ : 'L. 0 0 0 E 0 -; -so:; u 0 0 0 u 
0 /0 m I ::I: <I 0 
Fig. 2. Comparison of values for partial enthalpy of mixing 
obtained by Miedema's semi-empirical method with the exper-
imental data. 
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Fig. 3. Comparison of the calculated results for partial excess 
entropy with the experimental values. 
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Comparison of the calculated results for partial excess 
Gibbs energy with the experimental values. 
Table1. Physical quantities used in the calculation of excess entropy. M atomic weight (g/mol)13), Vmolar volume (cm3 /mol) 14), Tm 
melting point (K) 13), and .fi correction factor13). 
Elements M v Tm .fi Elements M v Tm .fi 
Ag 107.9 10.25 1234 0.47 In 114.8 15.74 430 0.68 
AI 27.0 9.99 933 0.52 K 39.1 45.63 337 0.50 
Au 197.0 10.19 1336 0.49 Mg 24.3 14.00 923 0.45 
Bi 209.0 19.32 544 0.54 Na 23.0 23.78 371 0.49 
Cd 112.4 13.00 594 0.56 Pb 207.2 18.28 601 0.55 
Cu 63.5 7.12 1356 0.46 Sb 121.8 16.96 904 0.40 
Fe 55.8 7.09 1808 0.48 Si 28.1 8.61 1687 0.38 
Ga 69.7 11.82 303 0.81 Sn 118.6 16.30 505 0.64 
Ge 72.5 9.87 1232 0.50 Tl 204.3 17.23 576 0.55 
Hg 200.6 14.08 234 0.84 Zn 65.4 9.17 693 0.54 
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UA = XAUAA + XsUAs (9) nitely dilute solutions because the configurations of atoms 
Us = XsUss + XAUAs (10) are considered to be random. 
RA = 1/2 {RAA + (XARAA + XsRss)l (11) UAA and U88 in Eq. (8) can be obtained from the following equations 12): 
Rs = 1/2 {Rss + (XARAA + XsRss)} (12) UAA = - 2n2R~AMAAv~INo (13) 
The above assumptions in Eqs. (9) to (12) are useful in inti- Uss = - 2n2R~sMssv~INo (14) 
Table2. Values of partial enthalpy of mixing by Miedema's semi-empirical method and calculated results for partial excess entropy 
and partial excess Gibbs energy in 114 binary liquid alloys . 
System Temp. LlHs .LlSgx .LlGgx System Temp. LlHs .LlSgx .LlGgx 
A B (K) kJ/mol J/K ·mol kJ/mol A B (K) kJ/mol J/K ·mol kJ/mol 
Ag AI 1273 -17 -2.4 -14 In Cu 1073 8 1.1 7 
Ag Au 1350 -23 -3.0 -19 In Mg 923 -14 -2.6 -12 
Ag Ge 1250 -21 -2.7 -18 In Na 713 -20 -10.2 -13 
Ag . Pb 1273 13 1.5 11 In Sb 900 -15 -3.9 -12 
Ag Sb 1250 -17 -5.5 -10 In Sn 700 -1 -0.2 -1 
AI Au 1338 -92 -12.2 -76 In Tl 723 2 0.3 2 
AI Cu 1373 -28 -3.7 -23 In Zn 700 10 2.2 9 
AI Fe 1873 -41 -6.2 -29 K Na 384 5 2.4 4 
AI In 1173 30 4.8 25 K Pb 848 -70 -25.1 -49 
AI Sn 973 19 3.1 16 K Tl 798 -42 -15.9 -29 
AI Zn 1000 2 0.1 2 Mg AI 1073 -7 -1.7 -5 
Au Ag 1350 -21 -2.7 -17 Mg Cd 923 -24 -4.6 -19 
Au Cu 1550 -30 -3.4 -25 Na Hg 673 -42 -15.3 -31 
Au Fe 1473 28 2.6 24 Na In 713 -20 -10.0 -13 
Bi Ag 1000 6 -0.2 6 Na K 384 6 3.1 5 
Bi AI 1173 31 5.0 25 Na Pb 700 -70 -24.4 -53 
Bi Cd 773 4 0.8 3 Na Tl 673 -43 -16.1 -32 
Bi Cu 1200 19 2.4 16 Pb Ag 1273 9 0.9 8 
Bi In 900 -5 -1.2 -4 Pb AI 1200 33 5.5 27 
Bi Na 773 -68 -23.3 -50 Pb Bi 700 0 -0.1 0 
Bi Pb 700 0 0.0 0 Pb Cd 773 5 1.2 4 
Bi Sn 600 5 0.6 5 Pb Cu 1473 23 3.6 18 
Bi Tl 723 -4 -0.8 -3 Pb In 676 -3 -0.5 -2 
Bi Zn 873 14 3.2 11 Pb K 848 -89 -31.7 -63 
Cd Au 700 -43 -8.4 -37 Pb Mg 973 -28 -5.3 -23 
Cd Bi 773 5 1.0 4 Pb Na 700 -63 -22.5 -48 
Cd Mg 923 -22 -4.3 -18 Pb Sn 1050 6 fo 5 
Cd Na 673 12 -6.9 -7 Pb Tl 773 -3 -0.5 -2 
Cd Pb 773 7 1.4 5 Pb Zn 923 16 3.5 12 
Cd Tl 750 9 1.9 8 Sb Ag 1250 -12 -4.6 -6 
Cd Zn 800 3 0.8 3 Sb Bi 1200 3 0.7 2 
Cu Ag 1423 10 1.4 8 Sb Pb 905 2 0.1 2 
Cu AI 1373 -34 -4.5 27 Sb Sn 905 -5 -1.9 -3 
Cu Au 1550 -42 -4.8 -34 Si Fe 1873 -67 -9.7 -49 
Cu Fe 1823 52 4.7 44 Sn Ag 900 -10 -1.8 -9 
Cu Pb 1473 41 6.6 32 Sn AI 973 14 2.2 11 
Cu Sn 1400 -6 -0.6 -5 Sn Au 823 -37 -6.4 -32 
Cu Tl 1573 43 6.6 33 Sn Bi 600 6 0.7 5 
Fe AI 1873 -47 -7.0 -34 Sn Cd 773 -1 0.0 -1 
Fe Cu 1823 50 4.4 42 Sn Hg 423 0 0.0 0 
Fe Si 1873 -75 -10.6 -55 Sn In 700 -1 -0.2 -1 
Ga AI 1023 3 0.2 3 Sn Pb 1050 7 1.1 5 
Ga Cd 700 3 0.6 3 Sn Sb 905 -5 -1.9 -4 
Ga Mg 923 -17 -3.2 -14 Sn Tl 723 6 1.0 5 
Ga Zn 750 0 0.0 0 Sn Zn 750 3 1.1 3 
Ge Ag 1250 -21 -2.7 -18 Tl Ag 975 10 0.7 9 
Hg Bi 594 5 1.3 5 Tl Cd 750 8 1.7 7 
Hg Cd 600 -2 -0.4 -1 Tl Cu 1573 26 3.7 20 
Hg In 433 -3 -0.9 -3 Tl K 798 -55 -20.6 -39 
Hg K 600 -45 -17.0 -35 Tl Mg 923 -12 -2.3 -10 
Hg Na 648 -41 -15.1 -31 Tl Na 673 -41 -15.5 31 
Hg Pb 600 6 1.2 5 Tl Pb 773 -3 -0.5 -2 
Hg Zn 573 3 0.6 3 Tl Sn 723 6 0.9 5 
In Ag 1100 -5 -1.3 -4 Zn AI 1000 2 0.1 2 
In AI 1173 23 3.7 19 Zn Au 1080 -73 -12.0 -60 
In Bi 900 -6 -1.4 -4 Zn In 700 14 2.9 12 
In Cd 800 2 0.3 1 Zn Pb 923 25 5.2 20 
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Fig. 5. Calculated results for the relationship between partial 
enthalpy of mixing and partial excess entropy in infinitely dilute 
solution of liquid binary alloys. 
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Fig. 7. A plot of the experimental values of LiRa (exp.} against 
LJ.Sgx (exp.) in infinitely dilute solution of liquid binary alloys. 
In Eqs. (13) and (14), MAA and M88 are atomic weights and 
N0 is Avogadro's number. RAA and R88 are assumed to be 
half of the nearest-neighbor distances and these can be 
obtained from the following equations: 
RAA = 1/2 . (21'2VAA/No)1/3 
Rae = 1/2 · (2112V88/N0 ) 113 
(15) 
(16) 
where VAA and V88 are molar volumes of A and B, respec-
tively. vA and v8 in Eqs. (13) and (14) are frequencies of A 
and B atoms, which can be evaluated by Eqs. (17) and 
(18)13): 
VAA = 2.8 ' 1012flA (Tm,A/MAA 1/f..~~ 112 (17) 
Vee = 2.8 · 1011Je (Tm,e/M88 ~~~ 112 (18) 
• T>1500K 
-20 
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Fig. 6. Calculated results for the relationship between LiRa (1/ 
Tm,A + 1/Tm.e) and Li.Sgx in infinitely dilute solution of liquid binary 
alloys. 
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Fig. 8. A plot of the experimental values of LiRa (1/T m,A + 1/T m,s) 
(exp.) against LJ.Sgx (exp.) in infinitely dilute solution of liquid 
binary alloys. 
where Tm A• Tm 8 are the melting points of A and B, andfiA,flB 
are the coefficients to transform the frequency in solid 
state into that in liquid one at the melting point (Values of.P 
were obtained from the experimental data for surface ten-
sion of the pure elements in liquid state13). 
Consequently, the following relationship between the 
partial excess entropy and the partial enthalpy of mixing 
can be derived from Eqs. (4) and (8): 
AS§x = 3/2 · kNo [(RAA-Ree)2/RAARee 
+ {4UAAUee - 2L1He (UAA+Uee) 
- (UAA+Uee)2}/2UAAUee] (19) 
As shown in Eqs. (8) to (19), the partial excess entropy c~n 
be obtained from the physical quantities13)14) listed rn 
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Table 1 for pure components when the values of the partial 
enthalpy of mixing are known. 
3 Calculation of Partial Excess Entropy and 
Partial Excess Gibbs Energy 
In this work, the values of the partial enthalpy of mixing 
were obtained using Miedema's semi-empirical method14). 
Then, the partial excess entropy was calculated from Eq. 
(19) with the physical quantities shown in Table 113)14). Units 
of UAA and U88 calculated with the data in Table 1 are ergs/ 
atom. Therefore, their units must be transformed to J/mol, 
which is the same as the unit of QAB· The calculations were 
carried out for 114 systems of alloys presented in Table 2. 
Figure 2 shows the comparison of AH8 obtained from Mie-
dema's method with the experimental values15). Figures 3 
and 4 indicate the calculated results of the partial excess 
entropy AS~x and the partial excess Gibbs energy AG~x. 
respectively, which can be obtained from Eqs. (4) and (8), 
with the experimental values15). Since the experimental 
values for the partial excess entropy in infinitely dilute 
solutions of liquid binary alloys have large errors, the 
calculated results for the partial excess entropy are not 
always in good agreement with the experimental values as 
shown in Fig. 3. On the other hand, it is obvious from Fig. 4 
that the calculated values for AG~x are in good agreement 
with the experimental data. 
4 Relationship Between Partial Enthalpy of Mixing 
and Partial Excess Entropy 
Figure 5 shows the relationship between partial enthalpy 
of mixing AH8 and partial excess entropy AS~x both calcu-
lated as in the preceding section. As is obvious from this 
figure, this relationship is dependent upon temperature. In 
other words, the relationship between AH8 and AS~x for all 
types of alloys cannot be simple proportional relationships 
as proposed by Kubaschewski4) and Lupis and ElliotF). 
The broken line in Fig. 5 represents the proportional rela-
tionship between AH8 and AS~x proposed by Kuba-
schewski4). It is obvious from this figure that the constant 
3400 in Kubaschewski's relationship is the average value 
for the relationship between AH8 and AS~x for all types of 
alloys. 
When A and B in A-B alloys have nearly the same values of 
molar volume and atomic weight, the following approxi-
mate relation can be obtained from Eqs. (13) to (19): 
14.0 · AS~x = AHs · (1/Tm.A + 1/Tm,B) (20) 
Plots of AH8 • (1/Tm.A + 1/Tm,s) (calc.) against AS~x (calc.) 
are shown in Fig. 6. It is obvious from this figure that AH8 • (1/Tm.A + 1/Tm,s) is proportional to AS~x as proposed in 
Eq. (20). That is to say, the relationship between the partial 
enthalpy of mixing AH8 and the partial excess entropy LI.S~x depends on the melting points of the alloy compo-
nents and the alloys with lower melting components show 
the larger values for the ratio of AS~x to AH8 . 
A plot of the experimental values of AH8 (exp.) against AS~x (exp.) is shown in Fig. 7 wherein the data are from a 
compilation by Kubaschewski4) and by Hultgren et al.15). 
The data scatter considerably around AH8 = 3400 AS~X, 
the straight line proposed by Kubaschewski. However, the 
same set of data plotted as AH8 • (1/Tm A+ 1/Tm 8 ) against AS~x in Fig. 8 shows less scatter about our Eq. (20) than in 
Fig. 7. 
5 Conclusion 
In this work, the relationship between partial enthalpy of 
mixing AH8 and partial excess entropy AS~x in infinitely 
dilute solutions of liquid binary alloys have been discussed 
on the basis of the free volume theory. It is shown that the 
relationship is dependent upon temperature. Further, the 
following approximate relation has been obtained: 
14.0 · AS~x = AHs · (1/Tm,A + 1/Tm,B) 
which correlates AS~x with AH8 better than the previously 
proposed equations. This relationship shows that the ratio 
of AS~x to AH8 become larger as the alloys consist of the 
components with lower melting points. 
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